Background. General anaesthesia leads to atelectasis, reduced end-expiratory lung volume (EELV), and diminished arterial oxygenation in obese patients. We hypothesized that a combination of a recruitment manoeuvre (RM) and individualized positive end-expiratory pressure (PEEP) can avoid these effects. Methods. Patients with a BMI !35 kg m À2 undergoing elective laparoscopic surgery were randomly allocated to mechanical
Induction of general anaesthesia causes atelectasis, decreased end-expiratory lung volume (EELV), and diminished arterial oxygenation, 1 especially in obese patients. 2 Atelectasis leads to tidal recruitment, hyperinflation of reduced functional lung volume, and may thus contribute to ventilation-induced lung injury (VILI) and pulmonary and non-pulmonary complications after surgery. 3 Application of recruitment manoeuvres (RM) followed by sufficient PEEP can reopen collapsed lung regions 4 and prevent expiratory re-collapse. 25 The level of PEEP required depends on the patient's individual constitution, BMI, and positioning, and can therefore vary widely, especially in obese patients. 6 Given that individual opening and closing pressures cannot be determined in the operating room, many anaesthetists currently use a rather low standard PEEP. 7 In this context, objective methods to individualize PEEP could play an important role. Among others, the regional ventilation delay index (RVDI) method 8 9 (see Supplementary mate rial), which is based on electrical impedance tomography (EIT) imaging, estimates the lowest PEEP that minimizes cyclic tidal recruitment and collapse, 9 which are believed to play a major role in VILI. Assuming that obese patients present increased pleural pressures, it is very likely that the combination of RM and PEEP individualized with RVDI will result in consistently higher PEEP than is currently used during anaesthesia (5 cm H 2 O). 10 Bearing this in mind, we conducted a randomized controlled trial on obese patients during anaesthesia for laparoscopic surgery and in the early postoperative period and hypothesized that an RM followed by individualized PEEP will persistently improve gas exchange, EELV, and regional ventilation distribution compared with the standard PEEP of 5 cm H 2 O.
Methods
A detailed description of the methods and the study protocol are provided as Supplementary material.
Patients were recruited for this parallel arm, randomized controlled single-centre trial (German clinical trials register no. DRKS00004199, www.who.int/ictrp/network/drks2/en/; accessed 21 June 2017) at the University Hospital of Leipzig. Approval for the trial was granted by the Leipzig University Ethics Committee (no. 196-11-ff-8042011), and all patients gave written informed consent before inclusion. 
Anaesthesia
All patients received infusion of crystalloid fluid at the discretion of the responsible anaesthetist not involved in the study, and total i.v. anaesthesia using propofol and remifentanil. Routine perioperative monitoring included invasive measurement of arterial blood pressure.
Constant-flow, volume-controlled mechanical ventilation was provided by an intensive care ventilator (EVITA-XL; Dr€ ager Medical, Lü beck, Germany), with a tidal volume (V T ) of 8 ml kg À1 predicted body weight and inspiratory oxygen fraction (FiO2) of 0.4 or higher if necessary to reach peripheral capillary oxygen saturation (SpO 2 ) !92%. Inspiratory and expiratory times were set to achieve zero flow with inspiratory pause, and respiratory rate was set to 12 bpm. During anaesthesia, respiratory rate, inspiratory flow, and inspiratory-to-expiratory ratio were adjusted as required to maintain normocapnia [4.7 arterial partial pressure of carbon dioxide (Pa CO2 ) 6.0 kPa].
Protocol
All patients were initially placed in the 20 head-elevated (ramped) position. Timing of measurements, ventilation and PEEP setting, and the positioning of patients are illustrated in Fig. 1 . Before induction of anaesthesia and 2-6 h after extubation, EELV and EIT were measured in the spontaneously breathing patient using a mouthpiece and a nose clamp at ambient air Editor's key points
• The optimal level of PEEP varies widely, particularly in obese patients.
• This study examined the effect of a recruitment manoeuvre followed by titrated PEEP on gas exchange and lung volumes in obese patients undergoing laparoscopic surgery.
• In the intervention group, a mean PEEP value of 18 cm H 2 O was required to optimize end-expiratory lung volume; this resulted in a significant improvement in gas exchange and regional ventilation, but the differences between groups disappeared after tracheal extubation.
• Patients receiving optimized PEEP had higher requirements for i.v. fluids and vasopressors.
• These data support the use of higher PEEP values in obese patients than are routinely practised, but further interventions may be needed to prevent postoperative atelectasis.
pressure. After induction of anaesthesia, baseline measurements were performed in all patients 10 min after the start of mechanical ventilation at a PEEP of 5 cm H 2 O. The PEEP 5 arm remained at a PEEP of 5 cm H 2 O for the entire surgical period without receiving an RM at any time.
The PEEP IND arm received an RM (peak pressure 50 cm H 2 O, PEEP 30 cm H 2 O, respiratory rate 6 bpm, for 10 cycles) followed by a decremental PEEP titration, during which PEEP was set to 26 cm H 2 O and decreased stepwise by 2 cm H 2 O every 3 min. At each PEEP step, a low-flow inflation was performed. After the PEEP titration, RVDI was calculated off-line using customized software. The PEEP corresponding to the lowest RVDI was identified as PEEP IND . In the PEEP IND arm, after another RM, this individual PEEP was maintained throughout mechanical ventilation. An additional RM was performed immediatly before extubation at the end of the surgical procedure. All patients in the PEEP IND arm received i.v. fluid loading before and a vasopressor bolus by protocol during the RM in order to maintain a mean arterial pressure >70 mm Hg and minimize the short-lasting haemodynamic depression usually observed during the RM. 12 
Measurements
Ventilation parameters were measured by the mechanical ventilator, transferred to a PC, and stored for off-line analysis. Respiratory system compliance and resistance were fitted breath by breath with a model based on the equation of motion. 13 All variables were averaged for 20 ventilatory cycles.
Blood gases, lactate, and pH were determined immediately after sampling with a standard blood gas analyser (ABL 800; Radiometer, Copenhagen, Denmark). Respiratory fractions of O 2 , CO 2 , and N 2 were measured continuously with respiratory mass spectrometry (RMS, AMIS 2000, Innovision, Odense, Denmark), digitally converted and stored in the same PC for offline analysis. Multiple breath nitrogen washout manoeuvres were started by changing FiO 2 from the baseline level to 1.0, and the synchronized signals were used to calculate EELV as the sum of the net N 2 volumes eliminated for each respiratory cycle divided by the initial N 2 fraction.
14 Measured EELV values were compared with predicted values. 15 Ventilation distribution images were obtained with a commercially available EIT system (PulmoVista TM ; Dr€ ager Medical, Lü beck, Germany). At each PEEP, the regional ventilation delay was determined during a low-flow breath 9 for each pixel of the EIT image (see Fig. 2 ), and RVDI was defined as the SD of all pixels' regional ventilation delay using custom software (see Supplementary mate rial). The PEEP associated with minimal RVDI was chosen as the individualized PEEP IND . In addition, regional ventilation distribution and homogeneity using the global inhomogeneity index (GI), 16 and tidal distribution of ventilation to dependent and nondependent lung zones, 17 were quantified at different time points.
Outcomes
The primary outcome of this physiological pilot study was the ratio of arterial oxygen partial pressure to inspiratory oxygen fraction (PaO 2 /FiO 2 ) measured immediately before the final RM and extubation. Secondary outcomes were EELV before the final RM, PaO 2 /FiO 2 and EELV at other points in time, the Sequential Organ Failure Assessment (SOFA) score, and length of stay (LOS) both in the intensive care unit (ICU) and in the hospital, which were assessed during follow-up until hospital discharge. Major pulmonary complications were defined as pneumonia or the need for invasive or non-invasive ventilation for acute respiratory failure.
Statistical analysis
The trial was designed to detect clinically relevant differences in PaO 2 /FiO 2 of 100 mm Hg between the two ventilation strategies, where the SD of each arm was assumed to be 90 mm Hg. Taking into account a conservative dropout rate of 35% and requiring 90% power at a significance level of 5%, 27 patients per arm were planned. The power for the secondary outcome, EELV, was expected to exceed 85%. Randomization was performed using a minimization algorithm with a stochastic component, 18 stratified by age (<45 vs !45 yr) to ensure even age distribution, sex, and risk of development of pulmonary complications using the ARISCATScore (<45 vs !45 points). 11 The randomization algorithm was programmed at the clinical trial centre, and a Web-based interface was provided to the treating physicians. Data were stored in an electronic case report form and managed and analysed by independent researchers at the clinical trial centre. The PaO 2 /FiO 2 and EELV were analysed using analysis of covariance, with the value before extubation as the independent variable, the value after intubation as a covariate, and the assigned arm as a factor. Repeated-measures analysis of variance (ANOVA) was used to analyse PaO 2 /FiO 2 and EELV data at multiple time points, with prespecified multiple comparisons performed using the 'multcomp' package and the Westfall adjustment for P-values. 19 Comparisons for count data were made using
Fisher's exact test because of the small sample size. For comparing length of ICU or hospital stay, an exact Wilcoxon-MannWhitney test was used. All statistical analyses were performed using R Version 3.0.1 (R Foundation for Statistical Computing, Vienna; http://www.Rproject.org/; accessed 21 June 2017). Differences were considered to be statistically significant if P<0.05.
Results

Study population
The patient flow ( Fig. 3) demonstrates that all patients who underwent surgery were included in the analysis of the primary outcome and that the intended intervention was provided to each of these patients. Their baseline characteristics can be found in Table 1 .
Forty-four patients received a gastric bypass, five patients had a sleeve gastrectomy (two from the PEEP IND arm), and one patient from the PEEP 5 arm had a rectal extirpation. The intraoperative characteristics provided in Table 2 show that titration of PEEP IND led to an average PEEP of 18.5 cm H 2 O (range 10-26 cm H 2 O).
Respiratory outcomes
Before intubation, the measured EELV in the ramped position was 79 (SD 23)% of predicted EELV. Figure 4A and B depicts the course of PaO 2 /FiO 2 and EELV over time. The value for PaO 2 /FiO 2 before the final RM and extubation was 23 kPa higher in the PEEP IND arm [95% confidence interval (CI) 16-29 kPa, P<0.001], and EELV was 1.8 litres larger (95% CI 1.5-2.2 litres, P<0.001). Two to six hours after extubation, however, the differences between the arms vanished. Owing to a mean difference in BMI of 5.5 kg m À2 between study arms, we performed a sensitivity analysis and included BMI and ASA score as covariates. The results remained essentially the same. For the PEEP 5 ventilation arm, PaO 2 /FiO 2 and EELV also decreased significantly during pneumoperitoneum (PNP, inflation A linear model with PaO 2 /FiO 2 as the dependent variable and logarithm of percentage of predicted EELV along with randomization arm as independent variables shows different regression slopes, although the interaction term was not significant (P¼0.098; Fig. 5 ). The PEEP IND arm showed better respiratory system mechanics as indicated by higher respiratory system compliance and lower driving pressure (Table 2) . Using a linear model, changes in PaO 2 /FiO 2 from after intubation to before extubation were analysed as they depend on BMI and randomization arm, adjusting for the value after intubation (Supplementary Fig. S1 ). For the PEEP IND arm, there was an increase of 0.72 kPa (95% CI À0.02 to 1.5 kPa) per BMI unit compared with a decrease by À0.25 kPa (95% CI À1.1 to 0.6 kPa) per BMI unit for the PEEP 5 arm (P¼0.040 for interaction; adjusted R 2 for the linear model is 0.69). These data suggest that the improvement in oxygenation with PEEP IND was pronounced with higher BMI.
The majority of patients with PEEP IND showed PaO 2 /FiO 2 >67 kPa, indicating a fully recruited lung (Supplementary Fig.  S1 ). In contrast, EELV was not seen to depend much on BMI (Supplementary Fig. S2 ). Patients with the higher loss of EELV did not have a higher BMI nor did they receive a higher PEEP after PEEP IND titration (Supplementary Table S1 ).
Distribution of ventilation
Induction of anaesthesia and mechanical ventilation at the PEEP of 5 cm H 2 O shifted the regional distribution of V T to the non-dependent lung, which led to an increased ventilation inhomogeneity measured with GI ( Fig. 4C and D) . This could be partly reversed by setting PEEP IND , but remained almost unchanged at PEEP 5 until patients returned to spontaneous breathing, when V T shifted back to the dependent lung again. 
Patient safety
Discussion
The main findings of this study in morbidly obese patients with healthy lungs during anaesthesia were that (i) individualized PEEP IND compared with PEEP 5 resulted in improved oxygenation, respiratory system mechanics, ventilation distribution, and EELV during anaesthesia and (ii) these differences between arms vanished in the early postoperative period. Thus, individualized higher PEEP prevented atelectasis during anaesthesia and improved surrogates for VILI, such as driving pressure. However, this did not prevent the reoccurrence of atelectasis after extubation, as indicated by EELV and PaO 2 /FiO 2 . Despite the fact that our results do not verify our hypothesis, our study provides important physiological data on mechanical ventilation in obese patients. First, EELV, which was already reduced in the ramped position in our morbidly obese patients, decreased by $50% after induction of anaesthesia followed by ventilation with a PEEP of 5 cm H 2 O. Second, PEEP IND restored EELV and reversed the shift of regional ventilation to the nondependent lung and the increase in ventilation inhomogeneity after intubation. Third, as expected, PEEP IND was found to be higher than the PEEP currently used routinely during anaesthesia, varied considerably between patients, and could not be predicted by BMI with sufficient accuracy (Supplementary Fig. S3 ). Fourth, during ventilation with PEEP IND , patients required larger amounts of fluid and higher (but overall low) doses of vasopressors to maintain systemic perfusion pressure.
Individualized PEEP and surrogates for VILI
Mechanical ventilation at low EELV may promote lung injury even in patients without respiratory failure, [20] [21] [22] presumably by overdistension of the remaining small lung and by tidal recruitment and collapse of lung regions and peripheral airways. 23 During general anaesthesia, use of lower V T in addition to an RM followed by moderate PEEP may protect against postoperative pulmonary and non-pulmonary complications. 22 24 25 In non-obese high-risk patients, however, use of a fixed PEEP of 12 cm H 2 O was not beneficial in preventing pulmonary complications after open abdominal surgery. 26 In a large cohort of noncardiac surgery patients, PEEP !5 cm H 2 O and low plateau and driving pressures were associated with fewer pulmonary complications. 7 In our study in obese patients undergoing laparoscopic abdominal surgery, an RM followed by PEEP IND restored EELV, and ventilation was achieved with almost half of the driving pressure required in the PEEP 5 arm, which exceeded 15 cm H 2 O during PNP (Table 2) . Ventilation with PEEP IND resulted in higher plateau pressures (Table 2) , which are often suspected of causing overdistension, especially in the non-dependent lung. With PEEP IND , alveolar recruitment, as indicated by higher EELV, higher respiratory system compliance, and redistribution of ventilation to the dependent lung, probably prevented it. The EIT method constitutes a sensitive means of detecting overdistension, should it occur, 27 28 and RVD maps of our patients do not suggest relevant amounts of slow-filling non-dependent lung areas even with the highest PEEP ( Fig. 2 and Supplementary Fig. S4 ).
Higher driving pressure (>15 cm H 2 O) was recently found to be associated with higher mortality in patients with acute respiratory distress syndrome [29] [30] [31] and with more postoperative pulmonary complications in patients ventilated during surgery. 7 32 Our pilot study was not powered to detect differences in relevant clinical outcomes, and postoperative complications were rare in both arms (Table 3) . This issue will be addressed in a much larger clinical trial comparing low and high PEEP, targeting the inclusion of >2000 obese patients (http://www.esahq. org/PROBESE; accessed 21 June 2017).
Individualized PEEP and intraoperative atelectasis
Obese patients are especially prone to develop perioperative atelectasis. In line with previous observations in obese patients, EELV was already 21% lower than predicted for subjects of normal weight 15 during spontaneous breathing. Thus, preoperative atelectasis might explain why some patients in the PEEP IND arm had higher EELV after the RM and PEEP IND than before intubation (Fig. 4B) . Formation of atelectasis is further aggravated by induction of anaesthesia and mechanical ventilation with lower PEEP. 2 34 This is confirmed by our data, showing that induction of anaesthesia, tracheal intubation, and ventilation with a PEEP of 5 cm H 2 O resulted in a reduction in EELV by >50% and a shift of ventilation to the non-dependent lung ( Fig. 4B and C) . In order to revert this scenario, morbidly obese patients require high pressures to reopen atelectasis. 4 5 Furthermore, previous smaller studies suggested that, in order to prevent atelectasis after lung recruitment, a PEEP is necessary that varies between subjects but is always >15 cm H 2 O. 5 35 However, current clinical practice in obese patients does not include an RM and uses a PEEP of $5 cm H 2 O. 10 Our results show that the combination of an RM and individualization of PEEP is capable of restoring EELV and redistributing ventilation to levels similar to pre-intubation, and maintain them throughout the surgery (Fig. 4B and C) . Furthermore, it resulted in PaO 2 /FiO 2 ratios $500 mm Hg, which also suggest prevention of relevant amounts of atelectasis in dependent lung areas, compared with levels of $350 mm Hg obtained in the PEEP 5 arm (Fig. 4A) . Comparable effects of an RM followed by individualized PEEP titration on EELV and oxygenation have been observed recently in critically ill obese patients, with resulting PEEP levels >20 cm H 2 O. 36 
Postoperative atelectasis
A new contribution of our study is the finding that the improvement in EELV and ventilation distribution vanished 2-6 h after extubation. Development of atelectasis after extubation might partly explain the recently reported lack of improvement in postoperative EELV and lung function in 50 morbidly obese patients when adding two RMs to protective mechanical ventilation with a PEEP of 10 cm H 2 O, 37 which was lower than PEEP IND in the majority of our patients. In our patients in both arms, postoperative EELV was even lower than before anaesthesia and surgery, suggesting development and persistence of atelectasis after extubation, which may persist for >24 h after surgery. 38 Thus, in order to propagate to the immediate postoperative phase the benefits obtained by the RM and PEEP individualization, strategies are required to avoid postoperative atelectasis, such as early mobilization and non-invasive application of continuous positive airway pressure. Recent data, for example in patients undergoing colorectal surgery, are in favour of a more restrictive fluid infusion strategy. 41 Application of more restrictive fluid infusion targets might further increase vasopressor requirements in obese patients, especially when using high PEEP, and this potential risk must be balanced with potential benefits of minimizing intraoperative atelectasis with higher PEEP.
Methodological considerations and limitations
Other methods than RVDI could have been used to individualize PEEP, such as using BMI, given its correlation with atelectasis in patients with BMI <30 kg m
À2
. 42 In our patients, we did not observe a significant correlation between EELV and BMI (r 2 ¼0.045, P¼0.16; Supplementary Fig. S2 ), PEEP and BMI ( Supplementary  Fig. S3 ), and the significant correlation between PaO 2 /FiO 2 and BMI is fairly weak (Supplementary Fig. S1 ). PEEP titration using FiO 2 -SpO 2 diagrams have been suggested recently, 43 Fig. S5 ). Nevertheless, the aim of our study was to demonstrate the potential benefits of individualizing PEEP, and not to establish the best approach for individualization. For practical reasons, PEEP titration was performed before PNP in the ramped position, and PEEP IND was maintained throughout surgery until extubation. Accordingly, the PNP measurement was performed after initiation of PNP in antiTrendelenburg positioning without readjusting PEEP IND . In nonobese patients, anti-Trendelenburg positioning improved lung mechanics and oxygenation comparable with the effects of a PEEP of 10 cm H 2 O. 44 In a recent study in mainly obese patients, PNP did not relevantly decrease expiratory reserve volume. 45 Thus, positioning and only minor additional effects of PNP might explain why there was no relevant change in EELV in the PEEP 5 arm during PNP compared with values after intubation. The pressure required to reopen the lung of morbidly obese patients might exceed the 50 cm H 2 O chosen in this study as the inspiratory pressure during the RM. 2 However, we opted for this value to balance lung recruitment with the risk of haemodynamic instability. During the RM, we observed a reduction in heart rate and bradycardia in seven patients ( Supplementary  Fig. S6 and Table 3 ), which did not lead to termination of the RM, but four patients required injection of atropine, which was also applied in four patients of the PEEP 5 group without an RM.
Conclusion
Individual PEEP titration using EIT resulted in improved oxygenation, EELV, ventilation distribution, and lung mechanics in morbidly obese patients during anaesthesia, but these effects did not persist in the early postoperative period. Larger amounts of fluid and higher doses of vasopressors were necessary with individualized PEEP. The level of PEEP required to avoid lung collapse after performing RM was found to be much higher than that currently used in clinical routine and could not be predicted reliably by BMI alone. Further therapeutic attempts to avoid atelectasis should include the early postoperative period.
